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Quantitation of Microcirculatory Blood Flow Changes in Human 
Cutaneous Tissue Induced by Inflammatory Mediators 
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Department of Dermatology, Bispebjerg Hospital, University of Copenhagen, Copenhagen, Denmark 
The cutaneous microcirculation is a desirable model 
for pharmacologic and physiologic studies of inflamma-
tory mediators. For exact measurements of the induced 
blood flow changes, two objective methods are intro-
duced. The laser-Doppler flowmeter and the 133Xe wash-
out technique have formerly been used for measurement 
of the undisturbed cutaneous blood flow. We have mod-
ified these methods to measure changes in the blood flow 
following intracutaneous deposition of a vasodilator, 
leukotriene D •. 
When compared with a metric estimate of the ery-
themal response, the two new methods were found to be 
more sensitive than the traditional estimate of cutaneous 
blood flow changes. 
Both methods exhibited a good sensitivity and repro-
ducibility when applied simultaneously, although the 
' "
3Xe washout technique appeared to be able to separate 
interindividual differences that could not be recognized 
by the laser-Doppler technique. Even though the laser-
Doppler technique is superior in simplicity of use, the 
133Xe washout technique is recommended for exact 
measurements. 
The effect of infla mmatory mediators on blood flow in hu-
ma ns is most conveniently investigated using the cutaneous 
microcirculation as a model. Furthermore, the model is useful 
for studies of pharmacologic manipulations of the mediator-
induced effect. Regrettably, this approach has been hampered 
by lack of exact methods for estimation of cutaneous blood 
flow. Com monly, t he area of the flare response is used as a 
variable, reflecting the effect of t he injected mediator. 
The purpose of t he present study was to provide a noninva-
s ive objective t echnique for estimation of mediator-induced 
increase in the cutaneous blood flow in humans. 
The technique should be simple and have an improved sen-
s itivity compared to the metric estimate of the erythemal 
response . 
13
"Xe washout following nontraumatic epicutaneous labeling 
is a well -known method for measurement of undisturbed cuta-
neous blood fl ow [1] . The laser -Dopple r flowmeter has recently 
been introduced as a method for noninvas ive relative measure-
ments of resting cutaneous blood f1ow [2] . 
W e have modified both methods to quantitate changes in 
blood flow following intracutaneous (i .e.) deposition of a vasa-
dilating mediato r. The methods were applied s imultaneously 
and were compared with a metric estimate of the erythemal 
response. 
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MATERIALS AND METHODS 
Subjects 
Twelve normal healthy Caucasian volunteers, 4 women and 8 men, 
aged 28-56 years, were investigated. No medication had been taken by 
any of the patients prior to the test. Informed consent according to the 
Helsinki II declaration was obtained. 
Methods 
The SRS-A peptidolipid leukotriene D, (LTD,)*, which is a potent 
vasodilator [3] (kindly supplied by Dr J Rokach, Merck Frosst Labo-
ratories), was applied in 5 different concentrations of log 4 increments 
in the range of 0.04 to 10 /lM. Until use, the leukotrienes were kept 
under argon at -80"C. NaCl 0.9% with 10% Slilrensen phosphate buffer 
(pH 7.4) was used for control injections as well as solvent for the 
leukotrienes. LTD, was injected i.e. in volumes of 20 Ill using needles 
with an outer diameter of 0.4 mm. All injections were performed on 
the volar aspect of the forearm at a distance of 10 em from the flexures. 
Only injections producing small blebs of uniform size on the skin were 
used for the test. The arm was shaved several hours before the test to 
prevent trauma to the skin due to use of adhesive tape. All tests were 
performed twice in each patient. During t he tests, the patients reclined 
in an air-conditioned room at a temperature of 22-24 ·c. The test arm 
was held at heart level and stabilized in a vacuum cushion. 
Ten minutes after injection, an area with a diameter of 1 em was 
labeled with a saline solution of 133Xe with a specific activity of 15 
mCijml. The solution was injected into a chamber formed by a Mylar 
membrane impermeable to 133Xe that was attached to the skin surface 
by a ring of double adhesive tape. 
The labeled area was centered at the edge of the applied test solution, 
and the skin was exposed to 133Xe for 3 min. The solution and chamber 
were thereafter removed, and any excess gas was removed by blowing 
on the skin surface before the -y-emission of 133Xe was measured by a 
Nal(T1) scintillation detector. 
Pulses were fed into a -y-spectrometer with a window set at around 
the 81-keV photopeak of 133Xe, yielding a counting rate of 1- 10 x 10'/ 
min . The washout of indicator was followed for 4 min, i.e., from the 
thirteenth to the seventeenth minute after injection of the test solution. 
The counts were recorded in 5-s intervals. 
The washout could be displayed simultaneously and the washout 
rate constants computed by an Apple lie microcomputer, which, after 
the counts were corrected for background, estimated the initial slope 
of the washout curves using a least-squares fit for a monoexponential 
function. According to Sejrsen [1], this rate constant is dominated by 
the cutaneous blood flow. 
The ratio between the washout rate constant for blood flow induced 
by the injected mediator and the saline control injection was chosen to 
express the increase in blood flow. This ratio was used as an estimate 
of the mediator-induced increase in blood flow at the fifteenth minute 
following test solution application (the initial slope was calculated from 
the washout curve recorded between the thirteenth and the seventeenth 
minute after injection) _ 
Simultaneously, the probe from a laser-Doppler flowmeter (Perimed, 
Sweden) was applied 3 mm from the edge of the test solution. The 
flowmeter is based on the following principles: light from a He-Ne laser 
is conducted by an optical fiber to the skin surface, where it permeates 
the skin to a depth of approximately 0.5 to 1.0 mm over an area of 2 
mm2• The backscattered light is collected by a pair of fibers that guides 
the light back to two separate photodetectors. The light consists of 
Doppler-shifted as well as unshifted frequencies. Since t he two channels 
monitor two different vascular beds, subtraction of one signal from the 
other suppresses noise signals common to the two channels. The flux 
is the normalized root mean square value of the frequency spectrum, 
which is displayed as units of volts [2] . From the thirteenth to the 
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seventeenth minute after app lication of the mediator, t he analogous 
output signal was fed to a pen-recorder for continuous recording of the 
blood flow. The in tegrated mean value from the th irteenth to the 
seventeenth minute is considered to reflect the blood flow at the 
fifteenth minute following t he application of the test solution. The 
mediator-induced blood flow is expressed relative to the blood flow 
induced by t he saline control injection . 
Before performing any tests, the laser-Doppler instrument was cal-
ibrated by setting the output to zero when t he probe was attached to 
the opposite arm, where t he ci rculation had been stopped by applying 
a pres su re in a blood pressure cuff higher than the systolic level. 
As mentioned earlier, the blood flow was measured at the ftfteenth 
minute after injection. This was based on dynamic studies using the 
laser-Doppler method of the effect of the injection t rauma as well as 
the effect of LTD, on t he microcirculatory blood flow (Fig 1). In 10 
normal persons the injection t rauma was found to induce an immediate 
increase in blood flow of approximately five times t he resting va lue. 
After 15 min , the increase was stabilized at twice t he resting value and 
declined on ly slowly thereafter. The effect of LTD, was found to reach 
its maximum within 1 min and was stable for more than 20 min. 
Consequently, measurement of the mediator-induced change in blood 
flow at the fifteenth minute was chosen, minimizing the influence of 
the trauma-induced blood fl ow. 
It s h ould be emphas ized that measurements performed with the 
laser-Doppler as well as the 133Xe washout techniques were performed 
next to t he wheal. We found previously an inverse relationship between 
blood flow a nd histamine concentration when a dose-response curve 
was investigated with either method in the wheal area (data not shown) . 
This could be explained by a decrease in capillary density due to edema, 
yielding a decrease in washout rate at a constant flow in the single 
capillaries. 
In 5 persons, 133Xe washout was followed for 1 h after a saline 
injection, and in 2 of these persons, washout was followed for 1 h after 
a histamine injection. This was done in an effort to determine to what 
degree the init ial slope method underestimates the cutaneous blood 
flow. 
For technical reasons, it is not possible to estimate t he area of 
erythema concomitantly with measurements using the two mentioned 
methods. 
In a separate study, LTD, injection were performed in a double· 
blind design in the same persons. The measurements were made by 
approximating the flare area to a range of standardized areas drawn on 
t ransparent film. 
RESULTS 
To investigate t he possible interaction of ti me and variations 
in reactivity along and between the antebrachii, a standardized 
sequence of saline injections was performed on the test persons. 
The injections were performed proximally and distally on each 
arm. The resu lts of the four groups were compared by means 
of two-way analysis of variance (p > 10%); i.e., no interaction 
is likely between t ime, localization on t he antebrachii, and t he 
cutaneous reactivity. Consequently, since t he measurements 
were performed on both arms, t he tests could be considered as 
duplicates. The results have therefore been calculated on the 
basis of t he mean values of these duplicates. This was used in 
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F IG 1. Dynamic monitoring by the laser-Doppler flowmeter of the 
microcirculatory blood flow following injection of saline or LTD,. 
a t hree-way analysis of variance and enabled an estimate to be 
made of the reproducibility. No difference in reproducibility 
could be found between the two methods. 
In order to estimate t he reproducibility of the 1" 3Xe washout 
technique without interference from the interindividual differ· 
ences, control injections (saline) were performed in duplicate 
on 12 different occasions in the same person. From these 
measurements it could be calculated that any given duplicate 
estimate of the cutaneous blood flow can be reproduced by the 
1
'"
1Xe washout technique within a range of 0.6 to 1.66 (95% 
confidence interval). 
The double-bEnd metric evaluation of erythema after 15 min 
showed a dose-response relation, but on ly the upper half of the 
test range could be recognized with this method, at a confidence 
interval of 95% (Fig 2). The 13"Xe washout technique was able 
to detect the effect of approximately 10-fold lower concentra-
tions of the vasodilator within the same interval of confidence 
(Fig 3) . The laser-Doppler technique has apparently the same 
sensitivity as t he 133Xe washout technique (Fig 4). The individ-
ual mean blood flow values are continuously distributed when 
measured by t he 133Xe washout method, whereas t he values 
measured by t he laser-Doppler flowmeter are clustered around 
the common mean when compared on an arbi trary scale (Fig 
5). 
In t he control experiments, where 1 ~3Xe washout was followed 
for 1 h or more, it was shown that the initial s lope method in 
t he worst case (i.e., when saline was injected) underestimates 
cutaneous blood flow by 25% (Table I). However, when severe 
~mm 
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FIG 2. Differences between t he mean diameters of the circles ap-
proximated to the erythema from t he sa line and the test solut ions. 
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FIG 3. Dose-response for LTD, measured by t he 133Xe washout 
technique. 
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FIG 4. Dose-response for L TD4 measured by the laser-Doppler flow -
meter. 
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FIG 5. Individual mean blood flow levels measured by the 133Xe 
washout technique and by the lase r-Doppler flowmeter, plotted on an 
arbitrary scale. 
TABLE I. Comparison of blood flow calculated on the basis of either 
J-h curve resolution or the initial slope from the 133 Xe WCL5hout curve" 
1-hr NaC I 1-h 
Histamine, 
Resolution initial ..:. % Resolution initial t>. % 
slope s lope 
8.33 7.14 14 38.2 36.5 5 
8.54 6.30 25 26.6 24.3 9 
8.47 4.90 42 
5.53 4.06 26 
9.66 7.70 20 
8.1 + 0.7 6.0 + 0.7 25.4 + 4.6 Mean± SEM 
"Blood flow in ml/100 g x min-' using a >. value of 0.7 ml/g. 
vasodilation was induced by histamine , the underestimation 
was more than 5%. Hence the calculated ratio between blood 
flow is overestimated by less then 15% (105/125). 
DISCUSSION 
Quantitative assessments of the effects of the inflammatory 
mediators on blood flow are dependent on accurate application 
of the mediator and exact estimation of the blood flow. Atrau-
matic applications of an inflammatory mediator such as ion-
tophoresis cannot be sufficiently quantitated. The mediator 
will therefore have to be injected in isotonic saline. This injec-
tion will evoke an axon reflex [ 4]. As we have shown (Fig 1), 
the refl ex increases blood flow approximately 5-fold within the 
tirst minute. The magnitude of this reaction is only partly 
reproducible and is the main cause for the great inter- and 
intrapersonal variation in induced increases in blood flow. 
Obviously, a method that estimates blood flow in the minutes 
immediately after injection will only be able to recognize in-
duced increases in blood flow higher than that caused by 
injection t rauma. Therefore, using the 133Xe washout method 
i~ such a manner must be considered obsolete . Expecting a 
d1sappearance of the effect of injection trauma [1] is practically 
impossible for our purpose, since differences in the concentra-
tion of the injected mediator would affect the influence of the 
axon retlex on the recorded washout. 
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To provide a correction for the interindividual variation in 
blood flow and the increase in blood flow induced by the 
injection trauma, controls with buffered saline were included 
in every test series, and the ratio between the test and control 
was calculated. 
In order to optimize the comparability of results from the 
laser-Doppler and the 133Xe washout monitoring, great care was 
taken to apply the methods simultaneously on the same vas-
cular area, thereby minimizing contingencies due to the highly 
variable strength of the axon reflex. 
Ruling out a possible interaction between the time after 
injection, localization of the test area on the forearm, and the 
variabili ty of cutaneous reactivity, we found no differences 
between control injections performed distally and proximally 
on both arms. 
In order to obtain a correct estimation of the cutaneous blood 
flow, the 133Xe washout should be followed for at least 1 h [1] _ 
Measurements for a duration of 4 min are adequate for esti-
mation of the initial slope, however. In the present study, we 
approximated the cutaneous blood flow from the initial slope, 
enabling the method to be used on a large scale, but this 
approximation may bias the results. 
In the case of increased cutaneous blood flow, the accumu-
lation of 133Xe in the subcutaneous tissue is small, and conse-
quently, this component can be neglected. The presumption 
that the subcutaneous component is negligible is only valid in 
hyperemic situations. As blood flows approach values obtained 
during undisturbed conditions, the subcutaneous component 
constit utes an increasing part of the ini t ial slope of the washout 
curve. The cutaneous blood flow will consequently be under-
estimated (Fig 6). 
In the control experiments, the blood flow was calcu lated on 
the basis of a resolution of t he mxe washout curve obtained 
for 1 h and compared with the blood flow estimated from the 
corresponding initial slope. In the worst case, when the ratio is 
between a very high blood flow and a very low flow, the ratio 
was seen to be overestimated by approximately 15%. Conse-
quently, the slope of the dose-response curve measured for 
LTD, is overestimated by less then 15%, whereas the sensitivity 
of the method, taken as the lower end of t he dose-response 
relation, should not be biased by our estimation of the relat ive 
blood flow from the initial slope. 
We applied the method to a situation that is only approxi-
mately equal to the resting flow, since an injection was per-
formed 15 minutes earlier. The laser-Doppler method showed 
that the axon ref1ex induces an increased f1ow even after 20 
min. Estimation of the flow 15 minutes after injection would 
therefore tend to overestimate the blood flow owing to the 
persisting ref1ex-induced increase in f1ow. Correspondingly, the 
initial slope we calculated after saline injections was approxi-
mately 30% higher than the blood f1ow in undisturbed skin, as 
calculated by Sejrsen atter curve resolution [1]. Still , this error 
would be expected to be minimized by estimating the ratio 
between the blood flow induced by saline and that induced by 
the test solutions. 
Our results have shown the method to be more sensitive than 
traditional metric evaluations of the erythemal response ap-
plied so far. The reasons could be the inability of the visual 
method to evaluate the erythema seen, although there is an 
obvious difference between the intense central erythema and 
the mottled peripheral f1are, reflecting a corresponding gradu-
ation in the degree of vasodilatation. 
Either of the mechanical methods applied in the present 
study can therefore be recommended for exact pharmacologic 
or physiologic studies of the microvascular blood flow. 
The more simple laser-Doppler technique is an attractive 
method because it is quick and easy and avoids the use of 
isotopes. Furthermore, continuous measurement enables the 
study of dynamic changes. The sensitivity and reproducibility 
of the results are equal to those of the 1a3Xe washout technique. 
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F I G 6. Washout curves from a high-fl ow situat ion (left ) and a low-flow situation (right) . Curve resolut ion indicates t hat the subcutaneous 
component (component II) is of minor importance for estimation of the cutaneous blood flow (component I) in a high-fl ow situation. Consequently, 
the cutaneous blood now (component I) can be estimated from the init ial slope wi thout introducing any major error. In contrast, estimation of 
cutan eous blood now from t he initial slope in low-now situations will underestimate this fl ow, since the subcutaneous component plays a larger 
ro le in t he ini t ial washout phase. 
The major difference between the two is t he apparent inability 
of t h e laser-Doppler method to separate t he interindividual 
differences. This property of an apparent on/off response could 
be expla ined by the fact that on ly 2 mm 2 is available for 
measurement by the lase r-Doppler fl owmeter, whereas m xe is 
applied to an area approx imate ly 40 t imes larger. Another 
difference between the two methods is t hat 133Xe washout 
actua lly reflects t he cutaneous blood flow [1]. The good corre-
lation found in t he present study between the ""1Xe washout 
technique and t he laser-Doppler technique, performed simul -
taneously, confirms the relationship between Doppler signal 
and c u ta neous blood flow. A previous study confirmed the 
coinciding results obtained by the two methods when the cu· 
tan eou s blood fl ow was measured under different physiologic 
circumstances, only differing with respect to blood flow in 
arteriovenous anastomoses, which is at least pa rtly recorded by 
the laser-Doppler technique but not by the ~:J :'Xe washout 
technique [5]. 
In conclusion, we find t he two methods employed here for 
measurements of the loca l circulatory effect of vasodilating 
mediators in cut is superior to the commonly used method of 
quantitating the flare response. Although the laser-Doppler 
technique is superior in simplicity of use, the 133Xe washout 
technique must be recommended for quantitative measure-
ments of blood flow changes. 
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